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We have used a cDNA copy of a natural, internally deleted, Sendai virus defective interfering genome to study the effect
of insertions and deletions (which maintain the hexamer genome length) on the ability of viral genomes to be amplified in
a transfected cell system. The insertion of 18 nt at nt72 (in the 5* untranslated region of the N gene, just downstream of
the le/ region) was found to be lethal, whereas similar insertions further from the genome ends were well tolerated.
Curiously, the insertion of 6 nt on either side of the le//N junction (at nt47 and nt67) was well tolerated, but the insertion of
12 nt at either site, or of 6 nt at both sites, largely ablated genome amplification. These results suggest that an element of
this replication promoter is located downstream of nt67, in the 5* untranslated region of the first gene. Remarkably, the
addition of 6 nt by the insertion of 2, 3, or 4 nt at nt47 plus the insertion of 4, 3, or 2 nt, respectively, at nt67 was poorly
tolerated, presumably because the hexamer phase of the intervening sequence was altered with respect to the N subunits
of the template. These results suggest that the rule of six operates, at least in part, at the level of the initiation of antigenome
synthesis. q 1996 Academic Press, Inc.
Nonsegmented negative-strand (0) RNA viruses have The products of genome replication are the N protein
recently been grouped together in the Mononegalovirus assembled genomic and antigenomic nucleocapsids.
superfamily, as the similarities in the way Rhabdoviridae, The site for the initiation of vesicular stomatitis virus
Paramyxoviridae, and Filoviridae genomes are organized (VSV) antigenome assembly has been mapped to the first
and expressed have become clearer (Bishop and Pringle, 14 nt at the 5* end of the VSV le/ RNA (Blumberg et al.,
1995). The genomes of these virus families vary from 11 1983). Nucleocapsid synthesis ceases in the absence
to 19 kb in length and express from 5 to 10 genes (or of ongoing (N) protein synthesis, presumably because
transcription units). One feature they share, and which genome synthesis and assembly are coupled. Under
distinguishes them from segmented (0) and ambisense these conditions, the pool of unassembled VSV N protein
RNA viruses, is that the 5* end of the (first) mRNA is is chased into nucleocapsids (Arnheiter et al., 1985). In
recessed from the very 3* end of the (0) genome tem- contrast, synthesis of the unassembled le/ and le0 RNAs,
plate, and this interval is made up of the short (/) leader as well as of the mRNAs, continues (or increases)
(le/) region (Fig. 1). The very 3* end of the (0) genome (Blumberg et al., 1981) (cf. Fig. 1). Initiation of N protein
is, nevertheless, expressed as a short le/ RNA(s) [ca. 55 assembly on the nascent le/ (and le0) RNAs is thought
nt for Sendai virus (SeV)], which terminates near the start to control genome replication, as concurrent assembly
of the first mRNA (reviewed in Banerjee and Barik, 1992; of the nascent chain is necessary for the viral replicase
Lamb and Kolakofsky, 1996). The polymerase that has to read through the le//N (or le0/L) junction and for the
made the le/ RNA may then continue to sequentially processivity of the polymerase to be maintained (Vidal
synthesize the linear array of mRNAs (shown as a single et al., 1989; Kolakofsky et al., 1991).
N/L mRNA in Fig. 1). An analogous (0) leader (le0) RNA Much of what we know about mononegalovirus ge-
is expressed from the 3* end of the antigenome (the le0 nome synthesis is due to work with rhabdovirus and
region, 57 nt for SeV), containing the sequences up to paramyxovirus defective interfering (DI) genomes. DI ge-
the end of the (last) L gene (Leppert et al., 1979; Vidal et nomes are deletion mutants generated by a copy-choice
al., 1989; Chandrika et al., 1995). As there are no other mechanism, in which the viral replicase (carrying its na-
(re)initiation sites downstream of the le0 region on the scent chain) either jumps forward on its template creat-
antigenome, the le0 RNA(s) is the only subgenomic- ing an internal deletion (e.g., E307, Fig. 1), or jumps back
length transcript of the antigenome (Fig. 1). on the nascent chain itself, creating a terminal comple-
RNA synthesis from the le/ and le0 regions is thought mentary repeat upon finishing the chain (e.g., H4, Fig. 1)
to play a central role in controlling genome replication. (Leppert et al., 1977; Perrault, 1981, Lazzarini et al., 1981;
Re, 1991). These latter DIs are called copy-backs, and
all natural examples have replaced their le/ regions (and1 To whom reprint requests should be addressed. Fax: (41 22) 702
5702. E-mail: kolakofs@cmu.unige.ch. a variable amount of sequence downstream, cf Fig.1)
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The template for paramyxovirus RNA synthesis is the
N protein (formerly NP protein), RNA nucleocapsid, in
which each N subunit is associated with precisely 6 nt
(Egelman et al., 1989), and this is probably why the hex-
amer length of a SeV genome chain is so important for
the efficiency of genome amplification (‘‘the rule of six’’;
Calain and Roux,1993). Assembly of genome and anti-
genome chains is thought to begin flush with the con-
served sequences at the 5* ends of the nascent le/ and
le0 RNAs. As each subunit is associated with precisely
6 nt, the exact position of the conserved (promoter) se-
quences at the 3* ends of these chains relative to the N
subunits will be determined by the total length of each
chain. Presumably the viral polymerase initiates more
efficiently when, e.g., the first six bases of the promoter
sequence (3* OHUGGUUU) are found within the same
subunit. For paramyxoviruses and rhabdoviruses, the
promoter for antigenome synthesis presumably includes
not only the cis-acting sequences at the 3* end of the
(0) genome template (where the RNA initiates), but also
their complement at the 5* end of the nascent anti-FIG. 1. The structure of copy-back and internal deletion DI genomes.
genome chain, where nucleocapsid assembly begins.The (0) genomes and (/) antigenomes are shown as nucleocapsids
(long boxes), with their various regions shaded differently. The number- (We use the term ‘‘leader’’ to refer to both complementary
ing convention used starts at the le/ region [the 3* end of the (0) sequences of this region, and le//0 promoter refers to
genome or 5* end of the (/) antigenome], and ends with the le0 or all the promoter elements, including those that might be
trailer region (nt15,384 for nondefective SeV), consistent with the direction
found in the adjoining genic regions.) In analogy to HIVof gene expression. DI-E307 is derived from the nondefective genome
RNA synthesis from proviral DNA, where promoter ele-by a single internal deletion, in which nt607 (in the N gene) is fused to
nt14,197 (in the L gene). The copy-back DI-H4, in contrast, has fused the ments (TARs) are found at the 5* end of the nascent RNA
complement of nt 15,274–15,384 to nt 14,084, thereby duplicating the chain as well as on the template (Cullen, 1990; Marciniak
57-nt le0 region (and the adjacent 53 nt) as a 110-nt inverted repeat and Sharp, 1991; Laspia et al., 1993), concurrent assem-
at the other end. The directions of RNA product synthesis are indicated
bly of the nascent mononegalovirus RNA is thought towith arrows. Unassembled products (le RNAs and mRNAs), made in
promote antigenome synthesis by ensuring the processi-the absence of ongoing N protein synthesis, are shown as thick lines.
Genome replication, which requires ongoing N protein synthesis, is vity of the viral replicase (Vidal et al., 1989).
indicated by a doubled-headed dashed arrow. The extents of these cis-acting sequences, of either
the RNA synthesis components or the assembly compo-
nents of the replication promoters, are largely unknown.
with those of the le0 region, and therefore contain the Only the first 12 conserved and complementary nucleo-
le0 region at both ends. Copy-backs tend to have a com- tides at the ends of the genomes/antigenomes of each
petitive advantage in replication over the nondefective Paramyxovirinae genus are clearly involved (for SeV, 3*
genome (and internal deletion DI genomes such as UGGUYU GUUCUC is found at the 3* ends of both ge-
E307), presumably because the le0 region contains a nomes and antigenomes). The remainder of the le/ and
more efficient promoter for genome replication than the le0 regions are always very AU-rich, but there is no
le/ region. These notions of relative promoter efficiency strong conservation of sequence either between the le/
have recently been given more substance by Calain and and le0 regions of each virus or between each region of
Roux (1995) and Tapparel and Roux (1996), who com- closely related viruses. Blumberg et al. (1991), however,
pared the amplification levels of SeV copy-back and inter- have pointed out a semiconserved sequence ca. 75–95
nal deletion DI constructs in the vTF7-3-infected/trans- nt from the ends of several paramyxovirus genomes/
fected cell system (Fuerst et al., 1986). The relative ampli- antigenomes (the BB box), which could be involved in
fication advantage of the copy-backs was found to be RNA synthesis. For SeV, the replication promoters ap-
determined primarily by whether the H4 (or E307) DI ge- pear to be largely confined within the 5* 120 nt (up to
nome contained the le0 region at both ends, independent the N protein AUG) and the terminal 145 nt (near the end
of whether or not they expressed mRNAs. The le/ pro- of the L gene) of the antigenome, as DI analogues car-
moter was also found to be more sensitive to inhibition rying a foreign gene (CAT) and containing only these SeV
by the the viral C protein(s), which further accentuates sequences are viable (Park et al., 1991). [The numbering
the difference in the relative efficiencies of the le/ and convention used starts at the le/ region and ends with
the le0 region of both (/) antigenomes and (0) genomes,le0 promoters (Cadd et al., 1996).
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similar to the convention for numbering sequences in gestion with the relevant restriction enzymes, followed
by religation.dsDNA, and consistent with the direction of gene expres-
sion.] The extent of the le0 region promoter can also be Mutants 0//6, /6/0, /6//6, /3//3, /3/03, /1//5,
and /5//1 were all made using the polymerase chaingauged by the minimum size of the replacement of the
le/ region with the le0 region in copy-back DI genomes. reaction (PCR). Depending on the mutant, PCR primers
were used with insertions or deletions, which overlappedBy this criterion, only 45 nt of the 46-nt rhabdovirus VSV
le0 region are required for efficient replication (Perrault, the BglII site, the NsiI site, or both sites. The PCR prod-
ucts were then digested with BglII/NsiI and subcloned1981; Kolakofsky, 1982), and recent reverse genetic stud-
ies have further reduced this minimal sequence to the into the corresponding sites of pE307A.
Mutants /2/-2, /2//4, and /4//2 were made by thefirst 36 nt of the le0 region (Pattnaik et al., 1995). For
paramyxovirus copy-back DI genomes, on the other ‘‘single-oligo’’ method. Briefly, pE307A was digested with
BglII/NsiI, treated with alkaline phosphatase, and purifiedhand, the minimum replacement has so far been 110 nt
for SeV (Leppert et al., 1977; Calain et al., 1992) and 94 from an agarose gel. The resulting linear vector carried
a 3* overhang at one end and a 5* overhang at the othernt for measles virus (Sidhu et al., 1994), indicating that
this paramyxovirus replication promoter may be more end. Oligonucleotides spanning the entire BglII–NsiI re-
gion (and containing the insertions/deletions) were syn-extensive.
This paper reports on the effects of insertions and thesized so that their 3* and 5* terminal nucleotides were
complementary to both the 5* and the 3* overhangs ofdeletions in DI-E307 (which maintain hexamer genome
length) on their ability to be amplified. These studies the pE307A vector. Following phosphorylation of the 5*
ends with T4 polynucleotide kinase, 30 pmol of oligonu-provide evidence that an element of the le/ region pro-
moter lies within the adjacent N gene (downstream of cleotide was annealed to approximately 0.1 pmol of vec-
tor (ratio 300:1) for several hours at 167. A fill-in/ligationnt72) and that another element within nt47 – 67 is governed
by its hexamer phase. reaction was subsequently performed on the annealing
products in 50 mM Tris, pH 7.4, 10 mM MgCl2 , 10 mM
DTT, 1.5 mM ATP, 0.5 mM dNTPs, 1 unit of Klenow en-
MATERIALS AND METHODS
zyme, and 1.5 units of T4 DNA ligase, at 167 overnight.
Transformed colonies were streaked onto nitrocelluloseCells, transfections, and plasmids
filters and screened by hybridization with 32P-labeled oli-
gonucleotides, similarly to the method described in VidalA549 cell monolayers seeded on 5-cm petri dishes
were infected with vaccinia virus recombinant express- et al. (1989).
Regardless of the methods employed, all the mutationsing T7 RNA polymerase (vTF7-3, Fuerst et al., 1986) at
2–3 PFU/cell. One hour postinfection, the medium was were confirmed by DNA sequencing.
replaced with 2 ml of MEM containing 20 ml of Transfect-
Ace (Rose et al., 1991) and the following amounts of RNA purification, primer extensions, and Northern
pGEM plasmids: 3 mg of N, 3 mg of PHA, 1 mg of L, and blotting
5 mg of pE307 derivatives. All plasmids were described
previously (Curran et al., 1991; Engelhorn et al., 1993). Twenty-four to 48 hr posttransfection, cell extracts
were prepared and nucleocapsids were isolated on CsClTransfected cells were maintained in serum-free medium
at 337 for 36 hr before harvesting. density gradients (40,000 rpm for 90 min at 127 in a SW60
rotor). The banded nucleocapsids were diluted in 7 vol-
umes of TE (10 mM Tris–Cl, pH 7.4, 1 mM EDTA) andConstruction of mutants
pelleted in a SW60 rotor at 127 for 1 hr at 50,000 rpm.
The purified nucleocapsids were then resuspended inBglII and NsiI restriction sites were introduced in
pE307 (pE307A) by the gapped plasmid method (Curran 0.1% sarkosyl/TE and phenol extracted, and the RNA was
recovered by ethanol precipitation.and Kolakofsky, 1991). Mutants Nsi/Not/, Nco/Not/, Kpn/
Not/, Bgl//12, and Bgl//18 were generated by inserting Primer extensions were performed essentially as de-
scribed in Garcin et al. (1995). The relative amounts ofthe following partially self-complementary (in boldface
type) oligonucleotides at these sites: Nsi/Not, 5* TAT- (0) genomes present in the various CsCl-banded nucleo-
capsids were determined by extension of primer L15270GCGGCCGCATATGCA 3*; Nco/Not, 5* CATGGATGC-
GGCCGCATC 3*; Kpn/Not, 5* CATGCGGCCGCATGG- (5* GAAGCTCCGCGGTACC 3*) for Nsi/Not/ and Nco/
Not/, and primer L15203 (5* GGATCACTAGGTGAT-TAC 3*; Bgl//12, 5* GATCTTCGCGAA 3*. Mutant Bgl/
/18 was made by the insertion of the Bgl//12 oligonu- ATCG3*) for Kpn/Not/. (/) RNAs were quantitated with
primer NP126 (5* CGGCCATCGTGAACTTTG 3*). Primercleotide into the /6/0 mutant. The insertion of these
oligonucleotides duplicated restriction sites, thereby fa- extension products were separated on 6% acrylamide
sequencing gels.cilitating the generation of the corresponding revertants
(Nsi/DNot, Nco/DNot, Kpn/DNot, D12, and D18) by di- For Northern blotting, nucleocapsid RNAs were loaded
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on a 1.5% agarose-formaldehyde gel, transferred onto
a nitrocellulose filter, and hybridized with a 32P-labeled
riboprobe of positive polarity (5* ex riboprobe, comple-
mentary to L sequences, as described in Engelhorn et al.,
1993). The relative amplification activities of the various
constructs were determined by PhosphorImager analysis
of the Northern blot (Figs. 3–5).
RESULTS
Some insertions of hexamer length inactivate
the DI-E307A genome
pE307 (Engelhorn et al., 1993) contains a copy of a
natural DI genome with a single deletion of 13,590 nt
fusing the beginning of the N gene to the end of the L
gene (see Fig. 1) [and generating a (/) transcript from
its T7 promoter with three extra 5* G residues]. pE307
was modified at four positions creating a BglII site and
a NsiI site on either side of the le//N junction (E307A,
Figs. 2 and 4). These four substitutions did not affect the
efficiency with which this genome was amplified from
cDNA in the transfected cell system. A full-length DNA
based on pE307A (FL-3, Garcin et al., 1995) could be
rescued into infectious virus with remarkable efficiency.
However, another full-length construct, marked by the
insertion of 12 nt, containing a NotI site, into the unique
BspMI site at nt72 [5* 69cctgGCGGCCGCCCTGagga (12-
nt insertion in capital letters), in the 5* untranslated re-
gion of the N gene, just downstream of the NsiI site],
could not be rescued into virus (unpublished results).
FIG. 2. The effect of 18-nt insertions on the amplificability of DI-The same insertion, moreover, was found to strongly sup-
E307A. The E307A antigenome is schematized as a horizontal line (not
press (or eliminate) the ability of DI-E307 to be amplified drawn to scale), with three additional 5* guanosines (in lower case)
in the transfected cell system (lane /12 at 77, Fig. 4). derived from the T7 promoter. Short vertical lines above the antigenome
We assumed at first that this inhibitory effect was due mark the le//N mRNA and L mRNA/le0 junctions. The ORF of the N/L
mRNA is shown as an open box, in which the slanted, dotted lineto the very GC-rich nature of the insertion, but we were
shows the fusion of the two ORFs at nt607. The relative positions ofunable to recover activity by removing the central 5*
restriction sites used to introduce insertions are shown below; nucleo-
GGCC of the 12-nt insertion (by mung bean nuclease tide positions are indicated in brackets. The relative positions of the
digestion of the BspMI-cut DNA) and their replacement primers used to detect the 5* ends of the (0) genomes and (/) RNAs
with 5* ATAT at nt72, to restore hexamer genome length are indicated with heavy horizontal arrows. Note that the AG / 3 band
of of the (Nsi/NotI /) construct, and the (0) genome band of the Kpn/(not shown). The inhibitory effect of the 12-nt NotI inser-
Not/ construct, are at a higher position than the others, because thetion was also unexpected, as a 42-nt polylinker can be
insertion here is in between the primer and the 5* end of the chains. The
placed in the BspMI site of E307 without eliminating its various constructs, containing either the 18-nt NotI insertion (NotI:/) at
activity in amplification (Mottet et al., 1996). the indicated site, its resected revertant (NotI:D), or the unmodified
To further examine this inhibitory effect, 18-nt inser- E307A DI genome (lane wt), were examined for their ability to be ampli-
fied in vTF7-3-infected/transfected cells (see text). As a negative con-tions containing NotI sites were placed at nt77 (the num-
trol, pGEM-L was not included in some of the infections, as indicatedber refers to the first position whose base has been
above. The relative amounts of (0) genomes present in the various
changed, rather than the cleavage site) (NsiI), nt362 (NcoI), CsCl-banded nucleocapsids were determined by primer extension (Ma-
and nt1695 (KpnI) of pE307A (1794 nt, Fig. 2). Insertions of terials and Methods). The positions of the 5* ends of the T7 polymerase
18 nt were used so that, in each case, the particular site generated antigenome (AG / 3), of the SeV polymerase generated
antigenome (AG), and of the pGEM-derived N mRNA (N) are indicatedcould also be duplicated (e.g., 5* 67aTGCATNNGCGG-
on the right. The arrowhead next to the third lane of the (/) RNAsCCGCNNAtgcat was placed in the NsiI site; the insertion
shows the expected position of the SeV-generated antigenome.
is in capital letters) (Materials and Methods). The re-
vertant could thus be easily prepared by restricting and
religating the plasmid DNA, to control for inadvertant various pE307A constructs were transfected into vTF7-
3-infected cells along with pGEM plasmids expressingmutations during construct preparation (especially those
which would change the hexamer genome length). The the N, P, and L proteins. Cytoplasmic extracts were pre-
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pared from these cells after 24–48 hr of incubation, their
nucleocapsids were isolated on CsCl density gradients,
and the relative amounts of E307A genomes and anti-
genomes present in these fractions were estimated by
primer extension. To ensure that the E307A RNAs de-
tected were amplified by the SeV polymerase, pGEM-L
was omitted from some of the transfections as a negative
control. Analysis of E307A (/) antigenomes and (0) ge-
nomes gave similar results, as multiple rounds of replica-
tion occur during these transfections, e.g., at least as
many antigenomes had accumulated due to replication
by the SeV enzymes as with those made by T7 polymer-
ase and assembled with N protein (cf. middle panel of
Fig. 2). Analysis of the (0) genome levels in this assay
is presented first, as these RNAs are generated only by
the SeV polymerase. As shown in Fig. 2 (bottom), E307A
genomes could not be detected for the construct with FIG. 3. The effect of 6-, 12-, and 18-nt insertions in the le/ region.
the insertion at nt72 (Nsi/Not/), whereas normal levels Insertions of 6, 12, and 18 nt were introduced just downstream of the
BglII site, in the le/ region (whose sequence and exact location are(relative to the wt E307A control, lane wt) were found in
indicated in Fig. 4). Their effects on the amplification levels of DI-E307Acells transfected with this revertant (Nsi/DNot), and
were examined in vTF7-3-infected/transfected cells, as judged bythese were dependent on the cotransfection of pGEM-
Northern blotting of nucleocapsid RNA with a riboprobe specific for
L. Analysis of the levels of (/) RNAs found assembled (0) genomes (Materials and Methods). To ensure that the RNAs de-
with N protein is more complex, because the (/) RNAs tected were amplified by the SeV polymerase, pGEM-L was withheld
from some of the transfections, as indicated above (left). The resectionare generated by both the SeV and the T7 RNA polymer-
revertants of the 12- and 18-nt insertions (D12 and D18) were alsoases. The T7-generated antigenome (AG/ 3, Fig. 2, mid-
examined alongside their respective parents (right).dle) can, however, be distinguished from that made by
the SeV enzyme (AG), because it contains three extra
guanosines at its 5* end (shown in lowercase letters, 18-nt insertion at nt1695 (KpnI) may be without effect as it
Fig. 2) which are eliminated during its replication, pre- is too far away from the other end of the 1794-nt DI RNA.
sumably by the SeV enzyme. E307A antigenomes could We wished to examine whether insertions within the le/
also not be detected for Nsi/Not transfection (its esti- region itself were similarly deleterious to DI genome am-
mated position is indicated by an arrowhead, by refer- plification. However, as this region is likely to contain
ence to a sequence ladder run alongside, but not shown), sequences important for genome replication, we inserted
whereas normal levels were found in cells transfected 6, 12, and 18 nt, and more similar to normal base compo-
with Nsi/DNot, again dependent on the cotransfection sition, near the BglII site (Fig. 4). The BglII site was also
of pGEM-L. There is also a strong 5* end below the duplicated by the 12- and 18-nt insertions, so that the
position of the antigenome band, which corresponds to revertant could again be prepared as a control, if the
the end of the transcript generated from pGEM-N and insertion proved deleterious. As shown in Figs. 3 and 4,
which (like the AG / 3 band) is absent from natural virus the addition of six bases at nt47 had only a small effect
infections (not shown). The assembly of the pGEM-N on the amplication of E307A (2-fold in Fig. 3, none in Fig.
mRNA by its translation product is common in our recov- 4), whereas the insertion of 12 nt strongly suppressed
ery systems and is probably another example of the un- its amplification (30-fold), and the insertion of 18 nt
coupled assembly of RNAs in the transfected cell cyto- almost completely eliminated its activity. These latter del-
plasm. The levels of these pGEM-N mRNAs serve, along eterious effects, moreover, were not due to inadvertant
with the AG / 3 bands, as internal controls for judging mutations elsewhere, as the subsequent elimination of
RNA recovery. The levels of the SeV polymerase ampli- the insertions fully restored the amplification levels in
fied antigenomes can be determined by reference to both cases (Fig. 3).
these T7 polymerase transcripts. In contrast to the dele-
terious effects of inserting 18 nt containing a NotI site at Evidence for a replication promoter element within
nt72, similar insertions at the NcoI and KpnI sites were the N gene
seemingly without effect, as in both cases they were
found to be amplified as efficiently as their respective The 12- and 18-nt insertions at nt47 were chosen with
an eye to minimizing the possibilities of RNA secondaryrevertants (Fig. 2).
The above results suggest that it may be the location structure, yet they were poorly tolerated. The further abil-
ity of E307A to tolerate the insertion of 6 nt, but not 12of the 18-nt insertion at nt72, i.e., its proximity to the le/
region, that is deleterious to E307A amplification. The or 18 nt at nt47, suggests that it is not the sequence here
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be tolerated, but its displacement by 12 or 18 nt is not.
The ability of E307 to tolerate a 42-nt insertion at nt72
remains unexplained, but could be due to the partial
duplication of nt73 – 96, which contains the common se-
quence 5* 73cctgAR GNNYRR GYTCYN GANCYN96 (spac-
ing denotes hexamer phase). For comparison, the con-
served sequence found at 77–96 nt from the 5* ends of
genomes and antigenomes (the BB box) can be similarly
written as 77AR GRRCAR GTYCNA GACYYY96. Moreover,
the possibility that a 42-nt insertion (but not a 12- or 18-
nt insertion) can be tolerated at this position, indepen-
dent of the sequence, cannot be excluded.
The le/ replication promoter and the rule of six
We also modified E307A by the insertion of 2 nt at nt47,
and the compensatory deletion of 2 nt at nt67 (/2/02) or
the insertion of 4 nt at nt67 (/2//4) (Fig. 5), so that the
DI genome remained of hexamer length. E307A/2/02 was
found to be amplified well, whereas E307A/2//4 was am-
plified very poorly. We at first assumed that E307A/2//4
contained an inadvertant nonhexamer deletion or inser-
tion elsewhere which was responsible for its poor repli-
cation activity. However, the replacement of nt47 – 67 of
FIG. 4. The effect of combined 6-nt insertions in the le/ region. The
E307A antigenome is schematized above, and the sequence between
the BglII and NsiI sites (separated from the intervening sequence by
two spaces each) is also shown. The two base changes introduced to
create each site are shown in lowercase letters. The le//N junction is
indicated by a single space. The various substitutions and insertions
in the intervening sequence are also shown in lowercase letters. The
relative amplification activity of the some of the various constructs
described (as determined for Fig. 3) are shown at the bottom of the
figure and summarized at the right. The direction of migration of the
Northern blot shown below is indicated.
which is important for genome replication (the sequence
of the BglII site also contains two base changes from
the wt sequence, Fig. 4). These results are more consis-
tent with the length of the insertion per se in this region
being important. We therefore examined whether the in-
sertion of 6 nt just upstream of the Nsi site would be
tolerated, and the effect of combining this insertion with
that of 6 nt at nt47 was also examined. As shown in Fig.
4, the 6-nt insertion at nt67, like that at nt47, had little or
no effect on E307A amplification. However, the addition
of 6 nt at both nt47 and nt67 reduced its amplification to
below detectable levels, similar to the 12-nt NotI insertion
FIG. 5. The effect of adding a total of 6 nt at nt47 and nt67. The E307Aat nt77. These results are consistent with the notion that
antigenome is schematized above as for Fig. 4, including the sequencea cis-acting sequence important for genome amplifica-
between the BglII and NsiI sites. The various insertions examined are
tion lies downstream of this region [and presumably ends listed below (the insertions are in lowercase letters). Their relative
before nt120, the N protein start codon (Park et al., 1991)]. amplification activities were determined by PhosphorImager analysis
of the Northern blot shown in the bottom panel (and data not shown).Its displacement downstream by 6 nt would appear to
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E307A with those of E307A/2//4 indicated that the inacti- One lies upstream of nt47 and would presumably include
the conserved duodecamer (3* UGGUYU GUUCUC) atvating determinant was contained within these se-
quences, but we were unable to detect such a mutation the ends and possibly extends to nt31 (Tapparel and Roux,
1996). The other element appears to be downstream ofin this region by resequencing the DNA (data not shown).
Since the insertions of 6 nt at either nt47 or nt67 were well nt72 and may be the BB box [3* 77TY CYYGTY CARGNT
CTGRRR96, as (0) RNA] (Blumberg et al., 1991). The le//tolerated, and much of the sequence in between (nt52 – 55
and nt56 – 60) could be replaced without much effect (Fig. N junction which lies in between, on the other hand, does
not appear to be critical by itself in genome amplification.4), these results were difficult to explain.
We therefore prepared the remainder of the Substitition of the terminal UUUU55 of the le/ with either
CCCC55 or GGGG55, or of the 5* AGGGU60 at the start ofE307A/2//4 series, i.e., E307A/1//5 to E307A/5//1, as
well as E307A/3/03, and examined the effect of adding the N mRNA with 5* UCCCA60 (i.e., almost all of the se-
quence between the BglII and the NsiI sites), had littleall possible permutations of 6 nt to this DI genome at
nt47 or nt67 on its ability to be amplified. As shown in or no effect (data not shown). The 5* AGGGU60/UCCCA
substitution (all transversions), moreover, eliminatedFig. 5, the precise manner in which these 6 nt are
added does have a strong effect on amplification activ- mRNA synthesis from the E307A genome in vitro,
whereas both of the 5* UUUU55 substitutions had littleity. Whereas the addition of 6 nt entirely at nt47 (/6/0)
or nt67 (0//6) does not decrease amplificabilty relative effect (data not shown). Amplification efficiency is thus
unaffected by whether or not N/L mRNA synthesis isto uninserted E307A, and the addition of 1 nt at one
site and 5 nt at the other site had only a modest inhibi- occurring from DI-E307 in our transfected cell system,
consistent with previous results (Calain and Roux, 1995).tory effect, additions of /2//4, /3//3, or /4//2 re-
duced amplification ca. 20-fold. In contrast, the addi- We have found that some mutations within nt1 – 77 are
seemingly without effect by themselves, but are verytion of 2 or 3 nt at nt47 and the compensatory deletion
of 2 or 3 nt at nt67 were relatively well tolerated (Fig. poorly tolerated in combination. Two such examples
have been found: the addition of 6 nt entirely at nt47 or5). As expected, the addition of 2 or 3 nt at nt47 without
the compensatory deletion of 2 or 3 nt at nt67 inacti- nt67, and the addition of 2 or 3 nt at nt47 and deletion of the
same number of nucleotides at nt67 (thereby presumablyvated these E307A derivatives and served as baseline
controls (not shown). The addition of 6 nt, or altering changing the phase of the sequence between these sites
relative to the N subunits of the template). E307A deriva-the hexamer phase of nt47 – 67, individually, is thus toler-
ated, but the combination of both changes is not. tives carrying each of these mutations individually (/6
at nt47, /6 at nt67, or the /2/02 and /3/03 constructs)
are amplified almost as efficiently as E307wt. The combi-DISCUSSION
nation of two such mutations, however, are amplified
very poorly, if at all, e.g., the /6//6, and the /2//4, /3/The cis-acting sequences which control paramyxovi-
rus antigenome synthesis are found at the 3* end of the /3, and /4//2 derivatives. These last constructs both
add a total of 6 nt at nt47 and nt67 and change the phase of(0) genome template, and their complement at the 5*
end of the nascent (/) antigenome chain, where nucleo- the intervening sequence. This situation, called synthetic
lethality, is a prominent feature in the reverse geneticcapsid assembly begins. We think it unlikely that the
insertions on either side of the le//N junction of DI-E307A analysis of yeast. Mutants without phenotypes can still
be linked with each other when the combination of theexert their major effect on the assembly step of replica-
tion. To begin with, the first 42 nt in all our constructs two is lethal (the obverse of a complementation group),
presumably because their gene products have overlap-are identical, and therefore the interaction of the first
seven N subunits with the nascent antigenome RNA ping functions or function in the same pathway. In this
view, the mutations listed above are partial loss of func-should be unaltered. We assume that this level of interac-
tion is sufficient to drive nascent chain assembly, but tion mutations affecting the same pathway/function, the
le/ replication promoter. Apparently, a sequence at orthis remains to be demonstrated. Further, it is difficult to
see how the insertion of 6 nt at either nt47 or nt67 would downstream of nt72 can be displaced downstream by 6
nt (one N subunit) but not by 12 nt, or can be displacedhave little effect on assembly, whereas the insertion of
12 or 18 nt at either site would have a strong effect, downstream by 6 nt only if the hexamer phase of nt47 – 67
has not been altered, without strongly affecting amplicat-independent of their ability to form predicted RNA sec-
ondary structure (although the actual secondary structure ion activity (Fig. 5). The combination of two such muta-
tions, however, is synthetically lethal.in solution has not been examined). We think it more
likely that the insertions exert their effect by affecting the That the hexamer phase of nt47 – 67 may be important
in determining genome amplification activity is ofability of the polymerase to initiate RNA synthesis at the
3* end of the E307A (0) nucleocapsid. If so, our results strong interest, because it is evidence that the of rule
of six operates at the level of the initiation of genomesuggest that the SeV polymerase interacts with (at least)
two separate sequences for initiation of RNA synthesis. replication. This rule suggests that during the initiation
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of genome synthesis, the viral polymerase interacts
with its RNA template in the context of the N subunits,
as each subunit is known to contact precisely 6 nt.
The hexamer phase presumably results because the
position of each nucleotide within a given subunit is
different from each other within that subunit, but is the
same between the same positions of different sub-
units. The cis-acting promoter sequence(s) is then
viewed by the viral polymerase not only as a linear
sequence, but as one in which the nucleotides are
grouped as hexamers. Apparently, either part or all of
nt47 – 67 is recognized in the context of the N subunits,
and this sequence can be displaced by 1, but not by
2, 3, or 4 nt positions downstream if a total of 6 nt
have also been added in this region. Our results sug-
gest that the polymerase is making multiple base con-
tacts over at least 77 nt (13 N subunits, or one turn of
the nucleocapsid helix, see below), some of which can
be individually weakened without strongly affecting
the initiation of antigenome synthesis. The fact that 6
nt can be inserted at at least two sites with little or
no adverse effect (nt47 and 67) suggests that the con-
tact sites/promoter elements may be discontinuous
FIG. 6. A static view of SeV polymerase/le/ promoter interactions,(Fig. 6).
and the rule of six. The N:RNA nucleocapsid template is shown as aOur studies also suggest that only a limited amount
helical assembly of N subunits, each containing 6-nt binding sites (darkof flexibility in the polymerase/template interactions can
ovals). The polymerase is schematized above, making contact with the
be accomodated for initiation. The displacement of the bases of the first six N subunits (on the left), the sequence between
hexamer phase of nt47 – 67 by 1 (but not by 2) nt positions nt47 and nt67 (in the middle), and a sequence at or downstream of nt77
(on the right). The sequence within the 9th, 10th, and 11th subunits,is presumably well tolerated because the polymerase
containing the N mRNA start site at nt56, is shown at the bottom; thestructure is sufficiently flexible for its contact site to move
YARRGT repeats at nt55–66 are highlighted in boldface capital letters.over by 1 nt position (but not by 2) relative to the template,
The effect of adding a total of 6 nt at nt47 and nt67 on the hexamer
to accomodate this displacement. Similarly, the insertion phase of these repeats is shown on the right, and their effect on
of 6 nt (but not 12 nt) is presumably well tolerated be- amplification activity is shown on the left. The polymerase recognizes
these repeats equally well when they are contained entirely within thecause, in this case, the template is sufficiently flexible
9th and 10th, or 10th and 11th subunits, but these repeats are lessfor its contact site to move over by 1 N subunit (but not
well recognized when their phase relative to the N subunits is altered.by 2) relative to the polymerase, for initiation. The SeV
template is a helical assembly of N subunits and RNA,
and this nucleocapsid coil is found in several discrete plates occurs in three steps: (i) the reversible binding of
RNA polymerase and ancillary proteins to promoter DNApitch states (Egelman et al., 1989; Charest et al., in prepa-
ration). These include relatively tight coils with pitches to form the closed complex; (ii) the unwinding (isomeriza-
tion) of a short stretch of DNA around the transcriptionof 5.3 and 6.8 nm visible in negatively stained prepara-
tions (or 5.8 and 7.1 nm, in vitreous ice), as well as almost initiation site to form the open complex, and the synthesis
of aborted oligoribonucleotides; and (iii) promoter clear-totally extended coils found in shadowed preparations
(with a pitch of 37.5 nm) or in vitreous ice (with a pitch ance and entry into the processive elongation phase
(Eick et al., 1994). The nucleocapsid structural transitionsof 41 nm). The EM studies suggest that the SeV nucleo-
capsid is a dynamic structure, and the transitions be- mentioned above could also play a role in the initiation
of genome chains and may explain why the promotertween the different pitch states have been proposed to
play a role in the packing of the helical nucleocapsid elements appear to be spread over such an extended
region. The le/ promoter also contains an element whichinside the spherical virion envelope, as well as in RNA
synthesis (Heggeness et al., 1981, Egelman et al., 1989). renders it sensitive to C protein inhibition, adding further
complexity to this control region (Cadd et al., 1996)The most extended form, in particular, has been pro-
posed to be that which is copied by the viral P-L polymer- Finally, in a recent study using reporter CAT activity
as a measure of the sum of SeV DI-analogue replicationase, and the interaction of the polymerase with the
N:RNA template may induce the transition to the open and transcription, Harty and Palese (1995) noted appar-
ent exceptions to the rule of six. The deletion of 1 nt andform, at least locally. The initiation of RNA chains by
bacterial and eucaryotic RNA polymerases on DNA tem- its replacement elsewhere in the le0 region was found
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Calain, P., and Roux, L. (1995). Functional characterisation of the geno-to be tolerated much better than the same operation in
mic and antigenomic promoters of Sendai virus. Virology 212, 163–the le/ region. These exceptions may very well only be
173.
apparent ones, since (i) the changes in the le/ region Chandrika, R., Horikami, S. M., Smallwood, S., and Moyer, S. A. (1995).
may have affected the transcription promoter indepen- Mutations in conserved domain I of the sendai virus L polymerase
dently of the replication promoter, and (ii) the exact num- protein uncouple transcription and replication. Virology 213, 352–
363.ber of nucleotides in a chain cannot be the only important
Charest, P. M., Jakana, J., Curran, J., Kolakofsky, D., Wah Chiu, Schmid,determinant of amplification efficiency, especially when
M. F. The polymorphism of Sendai virus nucleocapsids revealed bychanges (including hexamer phase changes of large
electron cryo-microscopy, in preparation.
blocks of sequence) are carried out in the leader regions, Cullen, B. R. (1990). The HIV-1 Tat protein: An RNA sequence-specific
as these may destroy key promoter elements without processivity factor? Cell 63, 655–657.
Curran, J., Boeck, R., and Kolakofsky, D. (1991). The Sendai virus Paltering total genome length. We have found the rule of
gene expresses both an essential protein and an inhibitor of RNAsix to be very stringent for SeV DI genome amplification
synthesis by shuffling modules via mRNA editing. EMBO J. 10, 3079–in our transfected cell system. The only apparent excep-
3085.
tion to this rule that we have so far encountered are Egelman, E. H., Wu, S. S., Amrein, M., Portner, A., and Murti, G. (1989).
DI genomes containing the P gene mRNA editing site The Sendai virus nucleocapsid exists in at least four different helical
(Hausmann et al., 1996). When such DI genomes not of states. J. Virol. 63, 2233–2243.
Eick, D., Wedel, A., and Heumann, H. (1994). From initiation to elonga-hexamer length are expressed in this system, their length
tion: Comparison of transcription by procaryotic and eucaryotic RNAis readjusted by the expansion (or contraction) of the
polymerases. Trends Genet. 10, 292–296.purine run of the editing site during antigenome synthe-
Engelhorn, M., Stricker, R., and Roux, L. (1993). Molecular cloning and
sis, and those of precise hexamer length are preferen- characterization of a Sendai virus internal deletion defective RNA. J.
tially amplified. This apparent exception to the rule turns Gen. Virol. 74, 137–141.
Fuerst, T. R., Niles, E. G., Studier, F. W., and Moss, B. (1986). Eukaryoticout, in fact, to be a demonstration of its stringency.
transient-expression system based on recombinant vaccinia virus
that synthesizes bacteriophage T7 RNA polymerase. Proc. Natl. Acad.
Sci. USA 83, 8122–8126.ACKNOWLEDGMENTS
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